The growing rate of microbial pathogens becoming resistant to standard antibiotics is an important threat to public health. In order to assess the role of antibiotics in the environment on the spread of resistance factors, the impact of subinhibitory concentrations of antibiotics in sewage on gene transfer was investigated using conjugative gentamicin resistance ( aacA-aphD ) plasmids of Staphylococcus aureus. Furthermore, the concentration of antibiotics in hospital sewage was measured by high-performance liquid chromatography (HPLC)-electrospray tandem mass spectrometry. Several antibiotics were found to be present in sewage, e.g. ciprofloxacin up to 0.051 mg l 
Introduction
The widespread use of antibiotics has coincided with increased antimicrobial resistance. Antibiotics applied in human and veterinary medicine as well as in animal husbandry for growth promotion have exerted a very strong selection pressure towards resistance among bacteria (Witte, 2000) . The prevalence of antibiotic-resistant pathogens increasingly threatens effective management of infectious diseases (Niederman, 2001) . Resistance factors are often associated with mobile genetic elements, such as transposons or conjugative plasmids, facilitating the transfer of resistance genes to other bacteria by horizontal gene transfer (Ochman et al ., 2000) . Recently, Gram-positive pathogens have received increasing attention because they are the most common cause of hospitalacquired infections (Edmond et al ., 1999; Karchmer, 2000) . Of special concern is the emergence and spread of methicillin-resistant Staphylococcus aureus (MRSA). MRSA strains are often multiresistant by the acquisition of additional resistant factors such as conjugative gentamicin resistance plasmids. Mechanisms contributing to the development and spread of multiresistant bacteria outside hospitals and farms are poorly characterized. There is growing evidence that antibiotic-resistant pathogens are present in the environment (Klare et al ., 1993; Witte, 1998; Smalla et al ., 2000; Schmidt et al ., 2001; Dromigny et al ., 2002) and that horizontal gene transfer is common in diverse environmental habitats (Kruse and Sorum, 1994; Nikolich et al ., 1994; Davison, 1999; Shoemaker et al ., 2001) . Antibiotics reach the environment by several pathways after their application, mostly in sewage and manure (Hirsch et al ., 1999; Jones et al ., 2001) . Recent studies suggest that some antibiotics are stable in environmental settings, which might result in a long-term persistence of these highly active compounds (Al-Ahmad et al ., 1999; Kuhne et al ., 2000; Ingerslev et al ., 2001 ; for a review, see Halling-Sørensen et al ., 1998) . The present work focuses on the impact of antibiotics in sewage on conjugational resistance transfer. We determined the amount of several antibiotics in hospital sewage and analysed the impact of subinhibitory concentrations of antibiotics in sewage on transfer of conjugative gentamicin resistance plasmids ( aacA-aphD determinant) of staphylococci.
Results and discussion
The raw sewage of the university hospital in Würzburg was analysed to get information about maximum contamination levels of sewage by antibiotics. Sewage samples were collected using a sample collector, which automatically took a sample every 10 min over a period of 24 h. The concentrations of antibiotics were determined by high-performance liquid chromatography (HPLC)-electrospray tandem mass spectrometry according to a method described by Hirsch et al . (1999) . Several antibiotics of different classes were present in sewage at varying concentrations (Table 1 ). The highest concentrations were determined for fluoroquinolones and erythromycin. Most antibiotics, including gentamicin, trimethoprim, sulphamethoxazole, roxithromycin and clarithromycin, were present in concentrations below 0.01 mg l -1 (Table 1) . Some antibiotics (trimethoprim and gentamicin) were determined in all sewage samples investigated. Although the concentrations are relatively high in comparison with municipal sewage (Hirsch et al ., 1999; Golet et al ., 2001 ), antibiotic concentrations above the minimal inhibitory concentration (MIC) values for Staphylococcus aureus were not found. Thus, direct selection pressure of antibiotics in sewage on pathogenic bacteria should be rather low. Our studies also point out that HPLC-electrospray tandem mass spectrometry-based analytical methods can be used for the determination of most antibiotics in sewage. Tetracyclines could not be detected in the samples, most probably because of interactions with solubilized matrix components, which deactivate them for detection (Hirsch et al ., 1998) . Furthermore, b -lactams were not found, probably as a result of the low stability of the compounds in liquids.
In order to assess the role of antibiotics in sewage on the horizontal spread of antibiotic resistance determinants in Gram-positive pathogens, gene transfer was investigated using conjugative gentamicin resistance plasmids of S. aureus . Gene transfer from clinical donor strains to different recipients was examined by standard filter mating (Riedl et al ., 2000) on sewage agar plates and in liquid sewage in a bioreactor. The S. aureus donor strains used carry the aacA-aphD resistance determinant on large conjugative plasmids (pSK41 type) of 35-65 kbp conferring resistance to gentamicin (MIC > 256 mg l -1 ) (Berg et al ., 1998) . The strains were not clonally related as determined by pulsed field gel electrophoresis (PFGE) analysis. The donor strains (MA31, MA33) were human MRSA isolates (MIC to oxacillin > 4 mg l -1 ) from patients suffering from sepsis. Methicillin-sensitive S. aureus MA10 (throat swab) and MA20 (wound infection) were used as recipient strains. Both strains are resistant to rifampicin and novobiocin allowing a clear distinction between the conjugation partners. The donors are rifampicin and novobiocin sensitive respectively. We chose gentamicin, tetracycline, erythromycin and ciprofloxacin at concentrations ranging from 0.001 to 0.1 mg l -1 for our experiments on sewage agar plates. These concentrations cover the concentration range of antibiotics in sewage according to the results of our analytical data (see above) and the literature (Hartmann et al ., 1999) . All concentrations investigated are below the MIC for the S. aureus strains used. The transfer frequencies were determined in three to six independent test series and analysed statistically by the Mann-Whitney U -test. The raw sewage collected from the university hospital in Würzburg was first centrifuged (10 000 g , 20 min, 4 ∞ C) to discard particles and then filtered through a 0.45 m m sterile filter (Nalgene). The sewage agar plates were prepared by mixing 15 g of agar (Difco TM agar, BD Biosciences) per litre of filtered sewage. After autoclaving, this medium was poured into Petri dishes.
As indicated in Table 2 , the transfer frequencies per surviving recipient cell on sewage agar plates ranged from 1.1 ¥ 10 -5 -0.8 ¥ 10 -7 depending on the mating pair used. The transfer rate of the resistance plasmid increased significantly by about threefold by gentamicin at a concentration of 0.1 mg l -1 in one mating pair (MA31 ¥ MA20). None of the other antibiotics (tetracycline, ciprofloxacin, eryth- romycin) tested modulated the transfer efficiencies at the concentrations used (Table 2) . To investigate resistance gene transfer close to natural conditions, in further experiments, a bioreactor model using liquid sewage was applied. The S. aureus donor MA31 and recipient MA10 were inoculated into a bioreactor (Biostat V; Braun) filled with 2.5 l of sewage. The bacteria were cultivated for 10 days in the bioreactor without antibiotics (control sample) and with gentamicin, tetracycline, erythromycin and ciprofloxacin at 0.1 mg l -1 respectively. The number of living donor and recipient cells as well as the number of transconjugants was determined by plating serial dilutions of the sewage on selection plates after 1, 2, 3, 6 and 10 days of incubation. The experiments revealed that, in liquid sewage, gentamicin resistance was transferred with a frequency of 2.0 ¥ 10 -6 to < 5.0 ¥ 10 -8
. There was no significant impact of gentamicin, tetracycline, ciprofloxacin and erythromycin on the transfer rates at a concentration of 0.1 mg l -1 . During the course of incubation, the number of cfu decreased drastically after 2 days (Fig. 1) . This observation suggests that toxic components such as disinfectants in the sewage may have killed S. aureus cells. Subsequent molecular analysis of some of the transconjugant clones revealed that regular gene transfer had indeed occurred in liquid culture in the bioreactor. In those transconjugants, the gentamicin resistance determinant aacA-aphD was amplified by polymerase chain reaction (PCR), the species was verified by fluorescence in situ hybridization (FISH), and a genotypical characterization was performed by PFGE as described by Linhardt et al . (1992) and Krimmer et al . (1999) . Interestingly, after initial cultivation on selection plates, most donor, recipient and transconjugant clones were no longer culturable in rich media, minimal media or sewage. In further experiments, the disappearance of S. aureus in the bioreactor was investigated by FISH using the DNA probe EUB338 (5 ¢ -GCTGCCTCCC GTAGGAGT-3 ¢ ), which is specific for all eubacteria (Amann et al ., 1990) , and the S. aureusspecific oligonucleotide probe SA-P1 (5 ¢ -AGAGAAG CAAGCTTCTCGTCCG-3 ¢ ) (Bentley et al ., 1993) , and bacterial viability tests (LIVE/DEAD BacLight bacterial viability kit, Molecular Probes). These investigations disclosed that at least 100-fold more bacteria were alive in Table 2 . Effect of various concentrations of antibiotics on transfer frequencies of gentamicin resistance ( aacA-aphD ) plasmids in S. aureus on sewage agar plates.
Transfer frequency ¥ 10
; n = 4) 0 3.4 ± 1.3 1.8 ± 1.1 0.16 ± 0.11 0.08 ± 0.03 0.001 3.8 ± 1.1 2.8 ± 1.5 0.15 ± 0.13 0.11 ± 0.08 0.01 4.1 ± 2.4 3.3 ± 2.1 0.28 ± 0.18 0.13 ± 0.11 0.1 10.2 ± 3.6 a 3.8 ± 2.7 0.31 ± 0.21 0.16 ± 0.12
Tetracycline (mg l -1
; n = 4) 0 3.5 ± 1.8 1.1 ± 0.8 0.18 ± 0.14 0.12 ± 0.10 0.001 4.2 ± 2.3 1.3 ± 0.5 0.25 ± 0.22 0.11 ± 0.09 0.01 2.9 ± 1.7 2.0 ± 1.1 0.28 ± 0.19 0.08 ± 0.09 0.1 5.0 ± 2.5 1.1 ± 0.6 0.21 ± 0.13 0.15 ± 0.08
; n = 3) 0 11.1 ± 5.3 0.5 ± 0.2 0.24 ± 0.16 0.14 ± 0.06 0.001
12.2 ± 6.7 0.7 ± 0.4 0.29 ± 0.15 0.11 ± 0.15 0.01 10.5 ± 5.8 1.3 ± 1.0 0.22 ± 0.19 0.08 ± 0.06 0.1 7.9 ± 4.2 0.8 ± 0.6 0.20 ± 0.13 0.09 ± 0.07
; n = 3) 0 6.5 ± 4.6 1.5 ± 0.7 0.32 ± 0.24 0.17 ± 0.12 0.001 8.0 ± 5.3 2.9 ± 1.2 0.25 ± 0.23 0.25 ± 0.17 0.01 7.2 ± 6.6 1.2 ± 0.8 0.35 ± 0.26 0.14 ± 0.09 0.1 5.3 ± 3.8 0.7 ± 0.5 0.19 ± 0.16 0.21 ± 0.12 a. Significantly higher (P < 0.05). sewage than cfu could be encountered on selection plates after 10 days of incubation. Thus, the number of living staphylococcal cells determined by counting colonies on selection plates underestimates the real number of living cells in sewage. S. aureus seems to be able to enter a viable-but-non-culturable status, which has already been described for a number of other bacterial species, including pathogens such as Listeria monocytogenes, Enterococcus faecalis and Legionella pneumophila (Steinert et al., 1997; Besnard et al., 2000; Signoretto et al., 2000) . Alternative models that do not depend on culturability of bacteria would help to study plasmid transfer in the environment over longer periods. One possibility would be the use of plasmids that carry a reporter gene, e.g. the green fluorescent protein (GFP). Such plasmids have been used successfully to investigate gene transfer in the environment for a wide range of bacterial species (Dahlberg et al., 1998; Halling-Sørensen et al., 1998) . The impact of antibiotics on the transfer of conjugative plasmids is poorly characterized. Antibiotics have been recognized as modulating a number of cell functions, including virulence properties and resistance gene transfer functions (Stevens et al., 1993; Ohlsen et al., 1998; Wu et al., 1999; Rachid et al., 2000) . Recently, a stimulatory effect of tetracycline on the transfer of tetracycline resistance has been described in Bacteroides. Tetracycline induced the transfer of tetQ located on conjugative transposons up to 10 000-fold (Stevens et al., 1993; Salyers et al., 1995) . Furthermore, al-Masaudi et al. (1991) analysed the effect of some antibiotics and biocides on the conjugative transfer of the S. aureus gentamicin resistance plasmid pWG613. High gentamicin concentrations (0.5 mg l ) had no effect. Furthermore, the authors reported a decrease in transfer rates by inhibitors of protein synthesis (streptomycin, erythromycin, mupirocin). In contrast to these studies that determined the impact of antibiotics on gene transfer on rich culture media, we investigated gene transfer in sewage. Interestingly, gentamicin resistance in S. aureus was transferred as efficiently on sewage agar plates as on rich medium, although the number of donor and recipient cells was reduced by about 1000-fold in sewage. In liquid sewage, the transfer rates were significantly decreased; however, resistance gene transfer was still detectable. These results are in contrast to findings with the Gram-positive opportunistic pathogen Enterococcus faecium, in which conjugative transfer of vancomycin (VanA type) and streptogramin resistance (VatE type) occurred on sewage agar plates with greatly impaired efficiency. Transfer of these resistance determinants was not detectable in liquid sewage. Furthermore, various antibiotics, including vancomycin, erythromycin, ciprofloxacin, oxytetracycline, avoparcin, tylosin, virginiamycin M, chloramphenicol and quinupristin/dalfopristin, did not increase the transfer rates of vancomycin and streptogramin resistance in E. faecium (G. Werner, unpublished results, 2002 ). The latter outcomes are in accordance with our findings and support the view that resistance gene transfer in Grampositive pathogens may occur in the environment, but there is currently no evidence that the entry of antibiotics into sewage significantly stimulates the spread of conjugative antibiotic resistance plasmids via enhanced transfer rates. This is particularly the case for low-level concentrations of antibiotics mostly found in the environment.
Possibly, higher transfer rates occur in sewage within biofilms formed on particles or on surfaces in wastewater systems. To investigate gene transfer in biofilms, in situ quantification methods have to be established for Grampositive pathogens. Novel approaches using GFP have been applied to investigate horizontal gene transfer in Gram-negatives (Christensen et al., 1996; 1998; Hausner and Wuertz, 1999; Wuertz et al., 2001) . These studies have shown that gene transfer frequencies detected in situ in biofilms are higher than those quantified on selective media (Hausner and Wuertz, 1999) . Thus, one can speculate that this is also the case for conjugative transfer of resistance plasmids in Gram-positive pathogens. Currently, we are working on the establishment of a GFPbased conjugative system for S. aureus. The investigation of gene transfer in biofilms will be a challenging task for future work.
